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Abstract Bone mechanical adaptation is a cellular pro-
cess that allows bones to adapt their mass and structure to
mechanical loading. This process is governed by the
osteocytes, which in response to mechanical loading pro-
duce signaling molecules that affect osteoblasts and
osteoclasts. Bone morphogenic proteins (BMPs) are
excellent candidates as signaling molecules, but it is
unknown whether mechanically stimulated osteocytes
affect bone adaptation through BMP production. Therefore,
the aim of this study was to assess whether osteocytes
produce BMPs in response to mechanical loading. In
addition, since BMP7 has a vitamin D receptor (VDR)
response element in the promoter region, we also investi-
gated whether VDR is involved in the BMP7 response to
mechanical loading. Human or VDR-/- mouse primary
bone cells were submitted in vitro to 1 h pulsating fluid
flow (PFF) and postincubated without PFF (PI) for 1–24 h,
and gene and protein expression of BMP2 and BMP7 were
quantified. In human bone cells, PFF did not change BMP2
gene expression, but it upregulated BMP7 gene expression
by 4.4- to 5.6-fold at 1–3 h PI and stimulated BMP7 pro-
tein expression by 2.4-fold at 6 h PI. PFF did not stimulate
BMP7 gene expression in VDR-/- mouse bone cells.
These results show for the first time that mechanical
loading upregulates BMP7, likely via the VDR, but not
BMP2, gene and protein expression in osteocytes in vitro.
Since BMP7 plays a major role in bone development and
remodeling, these data might contribute to a better under-
standing of the mechanism leading to the mechanical
adaptation of bone.
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Mechanical adaptation of bone is a cellular process that
allows bones to adapt their mass and structure to their
mechanical environment [1, 2]. It is currently believed that
this process of adaptation is governed by the osteocytes
[3–6]. Osteocytes are terminally differentiated osteoblasts
that become embedded deep within the mineralized bone
matrix during bone formation. They are regularly distrib-
uted throughout the bone matrix and connected to each
other by cytoplasmatic protrusions that run through the
canaliculi [7]. This way the osteocytes form a unique
dendritic network that enables contact not only with the
bone surface but also with other cells [7]. When bones are
loaded, the resulting deformation causes a flow of inter-
stitial fluid through the lacunocanalicular network [8, 9].
This flow of fluid results in mechanical stimulation of the
osteocytes [6, 8, 9]. The mechanically stimulated osteo-
cytes then produce signaling molecules that are potent
regulators of the other types of bone cells, i.e., osteoblasts
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and osteoclasts, during bone remodeling [10, 11]. A mul-
titude of interacting signaling pathways are involved in
translating the load applied on bone into the production of
signaling molecules by osteocytes [12].
Bone morphogenic proteins (BMPs) are excellent can-
didates as signaling molecules that could be produced in
response to mechanical loading. BMPs belong to a family
of genetically conserved secreted signaling molecules of
the transforming growth factor-b superfamily of polypep-
tides (for review, see Chen et al. [13]) [14]. BMPs signal
through heteromeric type I and type II serine-threonine
receptors and activate the intracellular signalling molecules
Smad1, Smad5, and Smad8 through serine phosphorylation
[13]. Activated Smad proteins form heterodimers with the
co-smad, Smad 4, and translocate to the nucleus to mediate
the transcription of BMP-dependent target genes [13].
BMPs might have a relevant role in bone mechano-
transduction. BMP2/4 is upregulated by mechanical loading
through the induction of Indian hedgehog in chondrocytes,
and the BMP antagonist noggin inhibits mechanical load-
ing-induced chondrocyte proliferation [15]. This indicates
that BMPs are part of the transduction pathway that is
activated in response to mechanical loading in chondrocytes
[15]. Mechanical loading of the rat achilles tendon upreg-
ulates BMP7 gene expression [16]. It upregulates BMP2
gene expression in endothelial cells of the vascular system
[17]. This suggests that BMPs might be part of the signaling
pathways that are activated upon mechanical stimulation.
Remarkably, the data available on the role of BMPs in bone
mechanotransduction are extremely limited.
Systematic administration of BMP7 enhances endosteal
bone formation in response to mechanical loading in a rat
tibial bending model, suggesting a possible role of BMP7 in
the response of bone to mechanical loading in vivo [18]. A
loss-of-function mutation at the BMP7 locus resulted in
BMP7 knockout mice with specific skeletal defects. The
most prevalent effect was the failure of one or both of the
seventh-pair ribs to fuse with the sternum. These results
suggest that although BMP7 is not limited to skeletal
development, BMP7 is involved in bone formation and
patterning [19, 20]. Furthermore, primary osteoblasts
derived from C57BL/6J mice show upregulation of BMP-
related genes, i.e., BMP4, BMP receptor 1, and BMP
receptor 2, after mechanical loading by fluid shear stress
[12]. Moreover, treatment with noggin ceases the fluid flow-
induced osteoblast proliferation [12], indicating that the
BMP signaling pathway likely contributes to the translation
of fluid shear stress into the anabolic response of bone.
However, thus far it is unknown whether mechanical
adaptation of bone occurs through BMPs produced by
mechanically stimulated osteocytes. To assess whether
BMPs play a role in the process of mechanotransduction in
bone, we studied the effect of mechanical loading on BMP
production by osteocytes, which are considered the prime
bone mechanosensor cells [1, 5, 6]. We focused on BMP2
and BMP7 since these BMPs are currently available as
clinically approved recombinant human proteins for bone
healing [21, 22]. In addition, since BMP7 has a vitamin D
receptor (VDR) response element (VDRE) [23], we also
investigated whether VDR is involved in the BMP7
response to mechanical loading.
Materials and Methods
Immunohistochemical Analysis
Four 12-week-old female Wistar rats (235 ± 12 g; Harlan,
Zeist, the Netherlands) were killed for immunohistochem-
ical analysis. The animal experiment was performed in
accordance with the governmental guidelines for care and
use of laboratory animals and approved by the Institutional
Animal Care and Use Committee of the VU University
Medical Center (Amsterdam, the Netherlands). Tibiae from
rats were retrieved and fixed with 4% (w/v) formaldehyde
(buffered in phosphate-buffered saline [PBS], pH 7.4) at
4C for 24 hours. After fixation, the tibiae were decalcified
in 10% EDTA containing 0.5% formaldehyde in PBS at 4C
for 4.5 weeks. Tibiae were washed in PBS, dehydrated
through an ascending series of ethanol and xylene at room
temperature, and embedded in paraffin. After deparaffin-
ation in xylene and rehydration in a descending series of
ethanol, tissue sections were rinsed in PBS. Endogenous
peroxidase was blocked by incubation in 3% H2O2 in water
for 3 min at room temperature. Potential endogenous
binding sites for avidin and biotin were blocked using a
biotin avidin blocking kit (Vector Labs, Burlingame, CA)
according to the manufacturer’s instructions. Nonspecific
binding sites were blocked by incubating tissue sections
with normal goat serum (30%) for 30 min. Then, sections
were incubated overnight at 4C with primary antibodies to
BMP2 [24] (1:50) and BMP7 [25] (1:100), kindly donated
by Dr. J. Maliakal. Recombinant hBMP2 (COP-16, cloned
in Escherichia coli) was used to raise the rabbit anti-BMP2
(rabbit 88) and recombinant hBMP7 (mature form, cloned
in Chinese hamster ovary cells) to raise chicken anti-BMP7
(chicken 881). After rinsing in PBS, tissue sections were
incubated with biotinylated goat anti-rabbit IgG or biotin-
ylated goat anti-chicken IgG (ABC peroxidase technique,
Vectastain, Elite kit; Vector Labs) for 1 h at room tem-
perature, rinsed, and incubated with ABC–peroxidase
complex for 1 h at room temperature. After rinsing, the
bound peroxidase complex was developed for 6 min at
room temperature with DAB kit (Vector Labs) and sections
were counterstained with hematoxylin. Kidney sections
were used as a positive control. As a negative control,
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primary antibodies were replaced by normal rabbit or
chicken IgG (Vector Labs).
Primary Human Bone Cells and Primary Mouse Bone
Cells
For primary human bone cell isolation, trabecular bone
samples (surgical waste) from seven female and two male
donors (mean age 43, SD 23.7, range 18–84 years) were
obtained from the proximal femoral shaft during hip
replacement surgery for coxarthrosis. The protocol was
approved by the Ethical Review Board of the VU University
Medical Center, and all subjects gave informed consent.
Mouse long bone cells were obtained from the limbs of
adult VDR knockout (VDR-/-) mice [26]. To isolate
VDR-/- mouse bone cells, VDR-/- mice were generated
as described previously [26] (kindly provided by Dr.
G. Carmeliet, Katholieke Universiteit, Leuven, Belgium).
All mice were bred at the local animal housing facility
(Proefdierencentrum, Leuven, Belgium) and lived in con-
ventional conditions: 12-h light/dark cycle, standard diet
(1% calcium, 0.76% phosphate), and water ad libitum.
All experimental procedures were conducted after obtain-
ing formal approval from the ethical committee of the
Katholieke Universiteit Leuven.
Human trabecular bone biopsies were placed in sterile
PBS, chopped into small fragments, and washed extensively
with PBS. Long bones from VDR-/- mice were aseptically
harvested, epiphyses were cut off, and bone marrow was
flushed out using a syringe and needle. The diaphyses were
chopped into small fragments and washed extensively with
PBS. Human and mouse bone fragments were treated in
exactly the same way, as described previously [27]. To
obtain outgrowth of the bone cells, bone fragments were
cultured in DMEM (GIBCO, Grand Island, NY) supple-
mented with 100 U/ml penicillin (Sigma, St. Louis, MO),
50 lg/ml streptomycin sulfate (GIBCO), 50 lg/ml genta-
micin (GIBCO), 1.25 lg/ml fungizone (GIBCO), 100 lg/
ml ascorbate (Merck, Darmstadt, Germany), and 10% FBS.
After reaching subconfluence, outgrowth bone cells were
replated at 5 9 103 cells/75 cm2 flask until enough cells
were obtained. All cells used were from passage 2 or less.
For pulsating fluid flow (PFF) experiments outgrowth bone
cells from humans or VDR-/- mice were harvested and
seeded at a density of 5 9 105 cells per polylysine-coated
(50 lg/ml; poly-L-lysine hydrobromide, mol wt 15 to
30 9 104; Sigma) glass slide (5 cm2) and incubated over-
night to promote cell attachment.
Pulsating Fluid Flow
Pulsating fluid flow was generated by pumping 13 ml of
culture medium, using a roller pump, through a parallel-plate
flow chamber as described previously [5, 8, 28]. Briefly, fluid
shear stress of 0.7 ± 0.3 Pa at 5 Hz was induced for 1 h on
the monolayer of human and mouse primary bone cells by
circulating 13 ml of DMEM containing 10% FBS plus
antibiotics. Static control cultures (Co) were kept in a Petri
dish under similar conditions as the experimental cultures.
After 1 h of PFF or control treatment, human primary bone
cells were postincubated without PFF (PI) for 1–24 h in
2.5 ml fresh medium and lysed for total RNA isolation or
medium was collected for extracellular BMP2 and BMP7
protein quantification. VDR-/- mouse primary bone cells
were lysed directly after 1 hour of PFF for total RNA
isolation.
Nitric Oxide
Nitric oxide (NO) was measured as nitrite (NO2
-) accu-
mulation in the medium using Griess reagent containing
1% sulfanylamide, 0.1% naphthylethelene-diamine-dihy-
drochloride, and 2.5 M H3PO4. Serial dilutions of NaNO2
in nonconditioned medium were used as a standard curve.
Absorbance was measured at 540 nm with a microplate
reader (Bio-Rad Laboratories, Richmond, CA).
Total DNA Content
Human primary bone cells were lysed with 0.5 ml of ice-
cold Milli-Q water, harvested on ice, sonicated for 10 min,
and centrifuged for 10 min at 2,000 rpm at room temper-
ature. The supernatants were analyzed for total DNA
content, which was quantified using the Cyquant Cell
Proliferation Assay (Molecular Probes, Eugene, OR)
according to the manufacturer’s protocol.
Analysis of Gene Expression
Gene expression of rat and human BMP2 and BMP7 was
analyzed using Taq-Man Gene Expression Assays
(Applied Biosystems, Foster City, CA) in an ABI Prism
7700 DNA sequence detector. Gene-expression values
were normalized for human or mouse GAPDH (Inventoried
TaqMan, Gene Expression Assays).
BMP2 and BMP7 Protein Quantification
Immediately after PFF treatment or static control culture,
human primary bone cells were postincubated without PFF
for 6 or 24 h in 1.5 ml fresh culture medium. At 6 and
24 h, human BMP2 was quantified in the culture medium
using the Quantikine BMP2 Assay (R&D Systems,
Minneapolis, MN), and human BMP7 was quantified using
the Quantikine BMP7 Assay (R&D Systems) according to
the manufacturer’s protocol.
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Statistical Analysis
For statistical analysis of total DNA content and NO data,
differences between control and PFF groups were tested
with Student’s two-tailed t test for paired groups. NO data
were log-transformed in order to obtain normality. For
statistical analysis of PFF treatment or mechanical loading-
over-static control ratios (PFF/Co), human BMP2 and
BMP7 gene expression values are expressed as mean ±
SEM. Differences of PFF/Co ratios were tested with a one-
tailed t-test for single group mean and compared to 1 (PFF/
control or loading/control = 1, no difference). Values of
the total amount of human BMP2 and BMP7 protein are
provided as mean ± SEM. Differences between control
and PFF groups were tested with t test for paired com-
parison of means. Differences were considered significant
if P \ 0.05.
Results
To determine whether osteocytes express BMP2 in vivo,
immunohistochemical staining was performed in rat tibia
(Fig. 1). BMP2 staining was intense in chondrocytes of the
resting zone and hypertrophic chondrocytes of the growth
plate (Fig. 1a). BMP2-positive cells were found in bone
marrow (Fig. 1b) and trabecular and cortical bone
(Fig. 1b). In cortical bone, osteoblasts stained positive for
BMP2 (Fig. 1b, c), while osteocytes stained either clearly
positive or completely negative (Fig. 1b, c). No staining
was found in negative controls, in which nonimmune IgG
was replaced by the primary antibody (Fig. 1d).
To assess whether osteocytes express BMP7 in vivo,
immunohistochemical staining against BMP7 was per-
formed in rat tibia (Fig. 2). BMP7 staining was intense in
chondrocytes of the resting zone, proliferative zone, and
hypertrophic chondrocytes of the growth plate (Fig. 2a).
BMP7-positive cells were found in bone marrow (Fig. 2b)
and cortical bone (Fig. 2b). In cortical bone osteoblasts
stained positive for BMP7 (Fig. 2c). In osteocytes of cor-
tical bone, a gradient of staining intensity in BMP7 was
observed from the endosteal to the periosteal side, with
osteocytes showing the highest staining intensity on the
endosteal side (Fig. 2b, c). No staining was found in neg-
ative controls, in which nonimmune IgG replaced the pri-
mary antibody (Fig. 2d).
To determine whether osteocytes respond to mechanical
loading with modulation of BMP2 and BMP7 gene
expression, human primary bone cells were submitted to
1 h of PFF (Fig. 3). No cells were removed by the fluid
flow treatment, as assessed by quantification of the DNA
content (control 33.4 ± 3.8 ng/ml, PFF 32.5 ± 3.6 ng/ml;
P = 0.5). NO release was measured after 5 min of PFF as a
parameter for bone cell responsiveness. Five minutes of
PFF treatment rapidly increased NO production by 3.2-fold
(P = 0.036, Fig. 3a). One hour PFF increased BMP2 gene
expression by 1.3-fold, but this value did not reach sig-
nificance (P = 0.2, Fig. 3b). Although BMP2 gene
expression levels decreased after 1 h of PFF treatment
followed by 1–3 h of postincubation without PFF (PI), the
values did not reach significance (P = 0.1 and P = 0.2,
Fig. 3b). In contrast, 1 h PFF followed by 1–3 h of PI
upregulated BMP7 gene expression by 4.4- to 5.6-fold
(Fig. 3c), indicating that mechanical loading upregulates
BMP7 gene expression in human primary bone cells.
To verify whether PFF-induced changes in gene
expression result in increased protein expression, human
primary bone cells were submitted to 1 h PFF and
postincubated for 6–24 h without PFF (Fig. 4). Under
static control conditions, human bone cells produce
144.6 ± 1.6 pM BMP2 protein (Fig. 4a), while basal lev-
els of BMP7 protein are 12.2 ± 1.1 pM (Fig. 4b). This
indicates that human primary bone cells produce 11.8-fold
more BMP2 than BMP7 (P = 0.001) under static control
conditions. One hour PFF followed by 6–24 h of PI did not
change BMP2 protein levels when compared to static
controls (Fig. 4a). However, 1 h PFF followed by 6 h PI
significantly upregulated BMP7 protein levels by 2.4-fold
(Fig. 4b).
To investigate how osteocytes increase BMP7 produc-
tion in to mechanical loading, VDR-/- mouse primary
bone cells were submitted to mechanical loading by PFF in
vitro (Fig. 5). NO release was measured after 5 min of PFF
as a parameter for bone cell responsiveness. Five minutes
of PFF treatment increased NO production by 1.8-fold
(P = 0.023, Fig. 5a). Our preliminary data on BMP7 gene
expression show that PFF did not change BMP7 gene
expression in these cells (Fig. 5b), suggesting that the VDR
mediates mechanical loading-induced upregulation of
BMP7 in osteocytes.
Discussion
Bone is a living tissue that is able to adapt its mass and
structure to mechanical demands throughout life [2].
Osteocytes are proposed as the key cells that convert the
physical stimuli resulting from daily loading into a bio-
logical signal by the secretion of signaling molecules in a
process known as mechanotransduction [1, 5, 8]. These
mechanostimulated molecules activate a wide spectrum of
signaling pathways fundamental for bone resorption by
osteoclasts and/or bone formation by osteoblasts [12].
BMPs represent a class of key proteins for the regulation of
cell–cell communication, cell differentiation, and mor-
phogenesis of several organs [13, 29]. In bone, BMPs are
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multifunctional regulators of proliferation and differentia-
tion during development [30, 31] and are required for
osteoblast gene expression and differentiation [30–33].
BMPs represent one of the most studied growth factors due
to their relevance in bone regeneration. However, it is
unclear what role BMPs, specifically BMP2 and BMP7,
play in the process of bone mechanotransduction. There-
fore, we studied the effect of mechanical loading on BMP
production by osteocytes, which are considered the prime
bone mechanosensor cells [1, 3–5].
We used human primary bone cells obtained as out-
growth from collagenase-stripped bone pieces to study
Fig. 1 BMP2 expression in rat tibia. a BMP2-positive staining
(brown) was intense in chondrocytes of the resting zone (white arrow)
and in hypertrophic chondrocytes of the growth plate (black arrow).
b BMP2-positive cells were found in bone marrow (BM), trabecular
bone (TB), and cortical bone (CB). In cortical bone, osteoblasts
(OB, white arrow) stained positive for BMP2, while osteocytes
(OCY, black arrows) stained either clearly positive or completely
negative. c High magnification of cortical bone showing osteocytes
that stained positive or negative for BMP2. d Negative control
Fig. 2 BMP7 expression in rat tibia. a BMP7-positive staining
(brown) was intense in chondrocytes of the resting zone (white arrow)
and in hypertrophic chondrocytes of the growth plate (black arrow).
b BMP7-positive cells were found in bone marrow (BM) and cortical
bone (CB). c High magnification of cortical bone. d Negative control.
In cortical bone, a gradient staining intensity of BMP7-positive cells
was observed, with osteoblasts (OB, white arrow) and osteocytes
(OCY, black arrows) at the endosteal surface mostly staining positive
for BMP7
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whether osteocytes in vitro respond to mechanical loading
with production of BMP2 and BMP7. Although the exact
nature of the outgrowth cells is not completely known,
human primary bone cells may be considered bone cells
since they express alkaline phosphatase, cfba-I [32, 33],
and osteocalcin [32–34]. In addition, these cells respond to
mechanical loading with increased expression of COX-2
[23], indicating that these bone cell cultures have an
osteocyte-like phenotype since mechanical loading induces
increased gene expression of COX-2 in chicken osteocytes
but not osteoblasts [35]. Furthermore, these cells express
detectable levels of MEPE, DMP1, and SOST (unpublished
observations), which are considered osteocyte markers
[36].
We found that PFF, representing a physiological loading
regime [28], significantly increased BMP7, but not BMP2,
gene and protein expression in human osteocytes, indicat-
ing that upregulation of BMP7 represents a physiological
response to mechanical loading of bone. Our findings are
supported by the observation of others that load-induced
bone formation in vivo is enhanced by BMP7 [18], indi-
cating that BMP7 might be an essential molecule in the
process of mechanically driven bone formation.
Contradictory data have been reported on the effects of
mechanical loading on BMP production in bone. Com-
pressive forces and shear stress upregulate expression of
BMPs 2, 4, 6, and 7 in osteoblasts in vitro [12, 37].
Upregulation of BMPs 2, 4, and 6 was observed during
Fig. 3 PFF increases NO
production and upregulates gene
expression of BMP7, but not
BMP2, in human primary bone
cells. a Five minutes of
mechanical loading by PFF
enhanced NO production. b PFF
did not affect BMP2 gene
expression. c One hour of PFF
followed by 1 and 3 hours of PI
upregulated BMP7 gene
expression. Values were
normalized for human GAPDH
and expressed as mean ± SEM
of absolute values and PFF-
over-control ratios of five
independent donors. PFF
pulsating fluid flow, Co static
control, PI postincubation
without PFF. *Significant effect
of PFF, P \ 0.05
Fig. 4 PFF upregulates protein expression of BMP7, but not BMP2,
in human primary bone cells. a PFF did not affect protein expression
of BMP2. b One hour of PFF followed by 6 and 3 hours of PI
upregulated BMP7 protein expression. Values were expressed as
mean ± SEM of PFF-over-static control ratios of five independent
donors. PFF, pulsating fluid flow; Co, static control; PI, postincuba-
tion without PFF. *Significant effect of PFF, P \ 0.05
A. Santos et al.: Mechanical Loading Stimulates BMP7 Production 323
123
distraction osteogenesis; but BMP7 expression did not
change during the distraction [38]. Mechanical tension
during distraction osteogenesis in vivo increases BMP2 and
BMP4, but not BMP7, gene expression [39]. These
observations differ from our results, showing that
mechanical loading stimulated BMP7, but not BMP2,
expression in cultured osteocytes. In addition, we assessed
expression of BMP4 and BMP6 (data not shown). BMP4
gene expression seemed to be reduced after PFF treatment.
BMP6 gene-expression data were not consistent; therefore,
we cannot exclude a role for BMP6 in the anabolic
response of osteocytes to mechanical loading. It is gener-
ally accepted that osteocytes are the primary sensors of
mechanical loading in bone, rather than osteoblasts [1, 5–
8]. Osteocytes and osteoblasts respond differently in terms
of loading-induced production of signaling molecules [2, 8,
11]. Therefore, differences in mechanical loading regimes
and characteristics between osteocytes and osteoblasts
might explain the differences in loading-induced BMP
expression between experiments.
To investigate how osteocytes increase BMP7 produc-
tion in response to mechanical loading, we searched for
signaling pathways that are activated upon loading and
could mediate this response. Since both BMP7 protein
expression and gene expression were affected by loading,
we focused on signaling pathways that activate the BMP7
promoter sequence. BMP2 gene expression remained
unchanged, but BMP7 gene expression and protein
expression were affected by mechanical loading, although
BMPs are highly conserved proteins. Thus, we focused on
possible differences between the promoter region of BMP2
and BMP7. The BMP7, but not the BMP2, promoter does
contain VDREs [23]. Therefore, we hypothesized that the
VDR is involved in the increase in BMP7 gene expression
in response to mechanical loading. To test our hypothesis,
VDR-/- mouse primary bone cells [26] were submitted to
mechanical loading by PFF in vitro. Our data show that
PFF does not change BMP7 gene expression in these cells
(Fig. 5), suggesting that the VDR mediates mechanical
loading-induced upregulation of BMP7 in osteocytes.
Although VDR-/- mouse primary bone cells were derived
from mice rather than humans, they were obtained in
exactly the same manner. In addition, mouse and human
primary bone cells show the same response to mechanical
loading as illustrated by the increased NO production in
response to mechanical loading.
It is well established that bone cells and chondrocytes
produce BMPs [13]. Similar to observations by others, we
also show moderate to intense expression of BMP2 and
BMP7 in bone marrow cells, bone lining cells, osteoblasts,
and osteocytes [40, 41]. We observed a gradient of BMP7
expression, varying from intense staining at the endosteal
side to no staining at the periosteal side of cortical bone. In
addition, basal levels of BMP2 expression were signifi-
cantly higher than basal BMP7 expression in cultured
human osteocytes, and BMP7, but not BMP2, was produced
in response to mechanical loading. Since BMP2 is essential
for recruitment of bone marrow cells and initial cell lineage
commitment, while BMP7 has a relevant role in the matu-
ration process of preosteoblasts, these finding might have
implications for bone remodeling. However, the role of
BMPs in bone remodeling is not fully understood. BMP2 is
produced by bone marrow stromal cells and necessary for
osteoblast differentiation [40, 41]. Cheng and colleagues
[42] reported an osteogenic hierarchy where BMPs 2, 6, and
9 are the most potent agents to induce osteoblast lineage-
specific differentiation of mesenchymal progenitor cells,
while most BMPs can promote the terminal differentiation
of committed osteoblast precursors and osteoblasts. BMP7
increases bone formation primarily by promoting preoste-
oblast growth and differentiation without affecting bone
matrix production by individual osteoblasts in vitro [43].
Systemic administration of BMP7 stimulates the differen-
tiation of bone lining cells, fibroblasts, and other committed
cells to osteoblasts but does not increase putative stem cell
proliferation [18]. Thus, it is possible that the mature cells
of the osteoblastic lineage, i.e., the osteocytes, respond to
mechanical loading with increased BMP7 production to
enhance differentiation of already committed osteogenic
cells, while high basal BMP2 expression guarantees the
differentiation of bone marrow cells into preosteoblasts. In
other words, BMP2 seems to be essential for general bone
formation, while BMP7 is required for local bone formation
in response to mechanical loading. Future functional studies
are needed to assess the precise functional role of loading-
induced BMP7 production in bone (re)modeling.
Fig. 5 PFF increases NO production but does not alter gene
expression of BMP7 in VDR-/- mouse primary bone cells. a 5 min
of mechanical loading by PFF enhanced NO production. b PFF did
not affect gene expression of BMP7 in VDR-/- mouse primary bone
cells. Values were normalized for mouse GAPDH and expressed as
mean B SEM of absolute values and PFF-over-control ratios of three
independent donors. PFF pulsating fluid flow, Co static control.
*Significant effect of PFF, P \ 0.05
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In bone biology, the mechanisms by which bones adapt
to mechanical demands are still a challenging area of
research. We show for the first time that physiological
loading regimes induce increased BMP7 gene and protein
expression in osteocytes, the bone mechanosensor cells.
Basal BMP2 protein expression levels were significantly
higher than BMP7 levels in osteocytes, while mechanical
loading did not affect BMP2 gene or protein expression.
Thus, it is likely that BMP7 plays a role in mechano-
transduction in osteocytes. Our data might contribute to a
better understanding of the mechanisms that lead to bone
mechanical adaptation. Unraveling the signaling pathways
that lead to an optimal response to physiological loading
regimes might provide new insights for therapeutic
approaches in bone biology.
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